Biosynthesis of ent-kaurene was investigated in extracts of cell suspension cultures and seedlings of castor bean. Both cell-free extracts contain an inhibitor of kaurene synthetase. The inhibition affects mainly the cyclization of geranylgeranyl pyrophosphate to copalyl pyrophosphate (activity A) and has little or no effect on the further cyclization of copalyl pyrophosphate to ent-kaurene (activity B) in both castor bean and Fusarium moniliforme ceUl-free enzyme preparations. In castor bean ceUl suspension cultures, the inhibitor diffuses out of the cells to the growth medium. The inhibitor is stable to 100 C heat treatment for 10 minutes and exposure to pH values of 2.0 or 13.0, and it diffuses through a dialysis bag (104-dalton cutoff). Gel filtration chromatography of the inhibitor on a calibrated BioGel P-10 column indicated a molecular weight of 7,500. Kinetic studies indicate that the inhibition of activity of A of kaurene synthetase is noncompetitive and reversible.
The tetracyclic diterpene ent-kaurene has been established as an intermediate in the biosynthesis of the plant growth-regulating gibberellins (4, 10, 18) . The biosynthesis of kaurene' from mevalonate or geranylgeranyl-PP has been shown in cell-free preparations from the endosperm of immature seeds of wild cucumber (Marah macrocarpus) (13, 17) , from the fungus Fusarium moniliforme (16) , from castor bean seedlings (Ricinus communis L.) (14) , from pea (Pisum sativum L.) shoot tips (3) and fruits (9) , and from cell suspension cultures of tomato (Solanum lycopersicum L.) and tobacco (Nicotiana tabacum L.) (19) . The final stage in the biosynthesis of kaurene from geranylgeranyl-PP is known to proceed via a two-stage mechanism, viz. the production of the bicyclic diterpene copalyl-PP and the further conversion of the latter to kaurene. In castor bean extracts, three additional hydocarbons are produced from copalyl-PP (14, 16) as shown in Figure 1 .
The reaction of kaurene synthetase has been shown to be the site of inhibition by some plant growth retardants (6, 16) , and it was suggested to be the site of regulation of the biosynthetic pathway on theoretical grounds because of the role of geranylgeranyl-PP as a branch point metabolite in the biosynthesis of diterpenoids and carotenoids (18) .
In previous work from this laboratory, we observed that, in cellfree extracts of cell suspension cultures of tomato and tobacco, only activity B of kaurene synthetase, namely, the conversion of copalyl-PP to kaurene, is present. Activity A of kaurene synthetase, which catalyzes the formation of copalyl-PP from geranyl- ' Abbreviations: kaurene, ent-kaur-16-ene [also referred to as (-)kaur-16-ene); copalol, trivial name for the trans isomer of ent-labda-8 (16), 13- dien-15-ol; geranylgeraniol, the all trans isomer. geranyl-PP, was not present in any of these extracts (19) . We reported that similar results were obtained in enzyme extracts from suspension cultures derived from castor bean (8) . Since that report, we confirmed our observation in numerous other cell suspension cultures (unpublished data).
The objective of this work was to investigate the reason for the lack of activity A of kaurene synthetase in cell-free extracts of plant cell suspension cultures and to investigate further the presence of an inhibitor for kaurene synthetase activity A that was found in cell suspension cultures of castor bean (8) . In addition, we tried to evaluate the possibility that regulation by metabolic effectors may take place at this particular step.
MATERIALS AND METHODS
Growth of Castor Bean Cell Suspension Cultures. Castor bean cell cultures (CB-I) were maintained on solid and grown in liquid Murashige-Skoog medium (12) . Liquid cultures were grown in 250-ml flasks containing 100 ml medium and the flasks were agitated in a rotary shaker at 24 C. Transfer of 10% inoculum to fresh medium was done every 8 days.
Germination of Castor Bean Seeds. Germination of castor bean seeds was done according to Robinson and West (14) . Briefly, the seeds were mechanically freed of their coats and then were spread on a wet filter paper. The seeds were germinated at 24 C in the dark. Water was added every day. After 3 days, the seeds were harvested.
Preparation of Enzymic Extracts. Enzymic extracts were prepared from cells and germinating seeds in the same way. Sevenday-old cells were harvested by filtration and washed thoroughly on the filter with 100 mm Tris-HCl buffer (pH 7.4) containing 20 mM 2-mercaptoethanol and 20 mm ascorbate (buffer A). The samples were transferred to a precooled mortar and ground in the presence of liquid N2 to a fine powder. PVP was added at a ratio of0.25 g to every g of cells or germinating seeds (11) . After mixing, the paste was allowed to warm to 4 C and 3 ml buffer A were added to every g paste. The mixture was squeezed through four layers of cheesecloth and the effluent was centrifuged for 30 min at 35,000g. The supernatant was collected and the protein concentration was adjusted to 10 mg/ml by dilution with Tris-HCl buffer as above. These enzymic extracts will be referred to as Sm preparations. Sm enzyme preparation from F. moniliforme was done as described by Shechter and West (16 Gel Filtration Chromatography. The inhibitor preparation was concentrated 4-fold in a rotary evaporator under vacuum at 37 C. Two ml of the concentrated preparation were loaded on a 1.5-x 85-cm Bio-Gel P-10 column (Bio-Rad Laboratories). The column was eluted with 100 mm Tris-HCl buffer (pH 7.4) and 1.25-ml fractions were collected. The colunm was calibrated with protein standards of known molecular weight. (8) . This was also observed in cell-free preparations from other cell suspension cultures (19) . In addition, the production of casbene from geranylgeranyl-PP and the production of other polycyclic diterpene hydrocarbons of the C-group beside kaurene from copalyl-PP is absent in S35 preparations of castor bean cell suspension cultures. Therefore, unless otherwise noted, the production from geranylgeranyl-PP of either the entire C-group hydrocarbons, in the case of enzyme preparations from castor bean seedlings, or of only kaurene, in the case of S35 derived from castor bean cell suspension cultures or F. moniliforme, was utilized as a measure of activity A of kaurene synthetase. This is valid inasmuch as all the hydrocarbons of the C-group share the same initial step of biosynthesis from geranylgeranyl-PP (14, 16) .
Effect of Dialysis on Kaurene Synthetase Activity from Seedlings. In an attempt to explore the possible presence of a dialyzable inhibitor in cell-free extracts of castor bean seedlings, two types of measurements were done. We first measured kaurene synthetase activity using geranylgeranyl-PP as substrate (activity A + B) relative to kaurene synthetase activity from copolyl-PP (activity B), in dialyzed and regular enzyme preparations. An S35 enzyme preparation from castor bean seedlings was divided into two parts. One part was allowed to stand at 4 C for the duration of the experiment (regular enzyme) and the second part was dialyzed against 500 ml buffer A (dialyzed enzyme). Dialysis buffer was changed every 12 h. Figure 2 depicts the change of the ratio (A + B)/B in 72 h. As shown in both the regular enzyme and in the dialyzed enzyme, there is a sharp decrease of this ratio to about half its value in the first 24 h. After the initial sharp decline, the dialyzed enzyme exhibits a stable ratio of kaurene synthetase activity A + B in comparison to activity B of the enzyme in periods up to 72 h. At the same time, a steady decline is observed in the ratio (A + B)/B in the regular enzyme. seedlings was divided into two portions, 40 ml in each portion. One portion was dialyzed against 500 ml buffer A which was changed every 12 h. The second portion was left untreated. Both portions were kept at 4 C. Aliquots were taken every 24 h and assayed for the production of the diterpene hydrocarbons C-group (see Fig. 1 ) from geranylgeranyl-PP (activity A + B) and copalyl-PP (activity B). The figure shows the ratio of the enzyme activities (A + B)/B as it varies in time. Relative production of the C-group hydrocarbons in S35 preparations of castor bean seedlings between dialyzed and undialyzed enzymes. S35 enzyme preparation from castor bean seedlings was divided into two portions, 40 ml in each portion. One portion was dialyzed against 500 ml buffer A. The second portion was left untreated. Both portions were maintained at 4 C. Aliquots were taken every 24 h and assayed for production of the C-group diterpene hydrocarbons from both geranylgeranyl-PP (activity A + B) and copalyl-PP (activity B). The figure shows the ratio of activities A + B in dialyzed versus undialyzed enzymes and the ratio of activity B in dialyzed versus undialyzed enzymes. in 5 min. At the end of 72 h, the dialyzed enzyme showed A + B activity of 4.017 pmol/5 min, whereas the regular enzyme produced 1.186 pmol hydrocarbons in 5 min. Initial production of the C-group hydrocarbons from copalyl-PP was 42 pmol/5 min. At the end of the 72-h period, the dialyzed enzyme produced 24.02 pmol/5 min and the regular enzyme produced 25.73 pmol/ 5 min of the C-group hydrocarbons.
Specific
Step of Inhibition of Kaurene Synthetase. Table I shows the inhibitory effect of both seedling and CB-I inhibitor on the production of kaurene in F. moniliforme S35 enzymic extracts. As shown, acetone extracts of S35 from seedlings and from the cell suspension culture have inhibitory effect on activity A + B (44.0 and 81.1%, respectively), but hardly any inhibition of activity B.
Localization of Inhibitor in CB-I Cell Suspension Culture. One of the goals of this work was to understand the reason for the lack of activity A in CB-I cell suspension culture (and in any other cell culture we examined). Therefore, we examined the presence of the inhibitory activity in both the cells and the growth media. The cells and cell-free growth medium of a 5-day-old culture were separated by filtration. An S3 enzyme preparation was made from the cells, and 40 ml both S35 and the growth medium were separately dialyzed four times against an equal volume of H20.
The combined dialysis solutions (outside the bags) of both S35 and growth medium were concentrated at 37 C under vacuum to 40 ml each, and inhibitory activities were compared, using the F. moniliforme assay system as described under "Materials and Methods" (see Table II (Fig. 4) . On the contrary, a slight increase of inhibition was observed. Exposure to pH values of 2.0 and 13.0 for 10 min did not affect its inhibitory effect either.
As shown above (Table II) the inhibitor diffused through a dialysis bag which retains molecules of mol wt above 10' daltons, suggesting that the inhibitor has a lower mol wt than 104 daltons. To elucidate this point further, we estimated its size by gel filtration chromatography on a Bio-Gel P-10 column. Figure 5 shows the elution pattern obtained, and from this we estimate the mol wt to be about 7,500 daltons. The isolated material retained its inhibitory properties following treatment with few proteolytic enzymes such as trypsin, chemotrypsin, pepsin, and pronase. DISCUSSION Kaurene synthetase has long been considered to be the site of regulation of gibberellin biosynthesis. Chiefly, because geranylgeranyl-PP is a branch point metabolite in the biosynthesis of diterpenoids and carotenoids (18) . In earlier studies, the above statement could not be substantiated because most, if not all, of the cell-free systems for the biosynthesis of kaurene showed high capacity for the synthesis of kaurene from geranylgeranyl-PP and exhibited no apparent modulation of metabolic activity (1, 3, 13, 14, 18) . After the establishment that the production of kaurene proceeds via two distinct catalytic steps with the stable intermediate copalyl-PP, it became possible to assay separately for the production of the intermediate from geranylgeranyl-PP (activity A) and its further conversion to kaurene (activity B) (16) . Using this procedure, it was established that, unlike kaurene synthetase derived from the fungus F. moniliforme where the ratio between activity A and activity B is constant (6) , in enzyme preparations derived from cell suspension cultures activity A was completely absent, whereas activity B was present in all enzyme system tested (8, 19) .
This observation, and the fact that many synthetic growth retardants preferentially affect activity A (6, 16), prompted us to look for the presence of a natural inhibitor of activity A. There is some independent evidence that suggests the inhibitor obtained from either castor bean seedling or the cell suspension culture CB-I is specific to activity A and does not significantly affect activity B. Dialysis of active Sn enzyme preparations of castor bean seedlings shows that, after initial decline of the ratio (A + B)/B, dialysis treatment stabilized this ratio (Fig. 2) . Obviously, the difference in this ratio between dialyzed and regular enzyme preparation can be explained by relative changes in activity B rather than in activity A. However, the data in Figure 3 clearly indicate that activity B is not affected at all by dialysis. Thus, the observed change in activity of production of diterpene hydrocarbons from geranylgeranyl-PP upon dialysis is entirely due to variations of activity A. Additional evidence that indicates that activity A is the prime target for the inhibitor is presented in Table  I . Both seedlings and CB-I inhibitor affected mainly the production of kaurene from geranylgeranyl-PP but had little effect when the reaction was carried out with copalyl-PP as substrate.
The relative increase in activity A during dialysis can be explained by a loss of the inhibitor from the dialysis bag to the dialysis solution (Table II) . As shown, most of the inhibitory capacity diffuses out of the bag into the dialysis solution. The recovery of the inhibitor, as expressed by the per cent inhibition, exceeds 100o. One way to explain this observation is to assume that the inhibitor is partially bound to a carrier molecule, a protein for instance, which renders it inactive. However, once free in solution and separated by dialysis, its inhibitory effect is fully expressed. The results given in Table II enabled us in later experiments to extract larger amounts of inhibitor by using both cells and growth media because, clearly, the inhibition is present in both. A mol wt estimation of 7,500 (Fig. 4) ['4CJkaurene were done as described. a possible explanation for the lack of activity A of kaurene synthetase in enzyme extracts of these cultures. However, its presence in extracts of germinating seeds does not agree with the observation that these enzymic extracts convert geranylgeranyl-PP to kaurene quite readily. A possible explanation for that fact is that most, if not all, of the inhibitor for activity A is not free in the enzymic extracts from germinating seeds. This hypothesis requires that the bound inhibitor is inactive, an explanation which agrees well with the better than 100%1o recovery of inhibition upon dialysis as explained above. In addition, the slow release that was observed for the inhibitor from the dialysis bag (Fig. 3) may indicate that the rate-limiting step is the dissociation of the inhibitor from its carrier rather than its diffusion out of the dialysis bag. We are aware that such carrier mechanism may be useful in physiological modulation of activity A. Presently, based on the data presented here, we cannot clarify the mechanism of the inhibition nor do we have enough evidence to evaluate whether this inhibitor can act on kaurene synthetase in vivo. The.data in Figure 6 suggest that the inhibitor acts in a noncompetitive reversible mode and not by nonreversible inactivation of the enzyme. This supports a negative modulation of the enzyme as a physiological mechanism for the regulation of kaurene synthesis. Similar kinetic results were obtained using inhibitor derived from callus of Ruta graveolens (15) . Presently, we are attempting to purify and elucidate the structure of the inhibitor with the aim to achieve a better understanding of its mode of action.
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